INTRODUCTION
The input nucleus of the basal ganglia, the striatum, contains two major populations of projection neurons, known as medium spiny neurons (MSNs), which differ in their gene expression and axonal projection targets (Bolam et al., 2000; Smith et al., 1998) . MSNs that express dopamine D1 receptors (D1 MSNs) form the direct pathway, which promotes movement. MSNs that express dopamine D2 receptors (D2 MSNs) form the origin of the indirect pathway, which suppresses movement (Bolam et al., 2000; Kravitz et al., 2010; Kreitzer, 2009; Smith et al., 1998) . Changes in direct-and indirect-pathway basal ganglia circuits have been proposed to underlie motor deficits in Parkinson's disease (PD) (Albin et al., 1989; DeLong, 1990; Galvan and Wichmann, 2007; Graybiel et al., 1994) . However, the pathophysiological mechanisms that alter basal ganglia output after loss of dopamine are not well understood.
One proposed mechanism for altered activity in the direct and indirect pathways after loss of dopamine is the dysregulation of long-term potentiation (LTP) and long-term depression (LTD) at excitatory afferents to D1 and D2 MSNs (Calabresi et al., 2007; Kreitzer and Malenka, 2008; Lovinger, 2010; Shen et al., 2008) . Dysregulation of plasticity could contribute to enhanced excitation of D2 MSNs, leading to a net suppression of movement that may contribute to hypokinetic features of PD. Although firing rate changes in the direct and indirect pathways can regulate parkinsonian motor behaviors (Kravitz et al., 2010) , mechanisms other than firing rate could alter basal ganglia output. For example, even without a net increase in firing rate, enhanced synchrony in an afferent population can lead to increased excitation (or inhibition) of target neurons by temporal coordination of inputs (Burkhardt et al., 2007; Mallet et al., 2008a) . Indeed, changes in synchrony among MSNs have been observed in the striatum after loss of dopamine (Burkhardt et al., 2007; Costa et al., 2006; Já idar et al., 2010) , and altered neuronal synchrony is observed in other indirect-pathway nuclei (globus pallidus [GP] and subthalamic nucleus [STN] ) in PD models (Bevan et al., 2002; Brown, 2003; Hammond et al., 2007; Hutchison et al., 2004; Terman et al., 2002) . Aberrant synchrony would therefore enhance the influence of the indirect pathway on basal ganglia output nuclei and exacerbate parkinsonian motor deficits.
Fast-spiking (FS) interneurons play an important role in coordinating neuronal synchrony in numerous brain regions (Bartos et al., 2007; Cobb et al., 1995; Fuchs et al., 2007; Sohal et al., 2009; Tamá s et al., 2000) , including the striatum (Berke et al., 2004) . In the striatum, FS interneurons represent the main source of feedforward inhibition onto MSNs (Gittis et al., 2010; Koos et al., 2004; Planert et al., 2010) and are, therefore, well positioned to control neuronal synchrony. Single FS interneurons inhibit both direct-and indirect-pathway MSNs but under normal conditions are more likely to synapse on direct-pathway MSNs (Gittis et al., 2010) . The recent finding that GABAergic interneurons in the hippocampus also display target specificity (Varga et al., 2010) suggests that this may be an important feature of GABAergic networks that helps to establish pathway-specific processing. Acute increases in dopamine affect excitability and synaptic properties of FS interneurons (Bracci et al., 2002; Centonze et al., 2003) , but little is known about how chronic decreases in dopamine signaling, as experienced during PD, affect FS microcircuits.
To test the hypothesis that changes in striatal FS microcircuits contribute to basal ganglia dysfunction induced by dopamine depletion, we examined the synaptic properties and connectivity of FS interneurons in the striatum of control and dopaminedepleted mice. Although no changes were observed in synaptic properties at FS-MSN unitary synapses, a significant shift in microcircuit organization occurred, with FS cells nearly doubling their rate of connectivity to indirect-pathway D2 MSNs. Using a simple model of the striatal feedforward microcircuit, we show that the selective enhancement of FS innervation of D2 MSNs produced by dopamine depletion is sufficient to increase synchrony in these indirect-pathway projection neurons. These data demonstrate that the target specificity of FS GABAergic interneurons is under dynamic control, which may have important implications for microcircuit function and behavior in disease states.
RESULTS

FS Interneurons Increase Connectivity Selectively onto D2 MSNs after Dopamine Depletion
To deplete dopamine in the striatum, 6-hydroxydopamine (6-OHDA) was injected unilaterally into the medial forebrain bundle (MFB) of 3-to 4-week-old mice. By performing unilateral depletions, dopamine could be selectively reduced by >95% in one hemisphere, allowing mice to remain relatively healthy with low mortality rates (see Figure S1 available online, and see Experimental Procedures). To identify GABAergic interneurons, D1 MSNs, and D2 MSNs in a single slice, we used mice that were the offspring of a cross between the Lhx6-EGFP BAC line (labels GABAergic interneurons with GFP) and the Drd1a-tdTomato BAC line (labels D1 MSNs with RFP; Shuen et al. [2008] ). As previously established, this cross enables the accurate identification of GABAergic interneurons, D1 MSNs, and D2 MSNs in a single slice (see Experimental Procedures; Gertler et al., 2008; Gittis et al., 2010; Matamales et al., 2009) . FS interneurons were targeted using GFP fluorescence and their identity was confirmed in the whole-cell recording configuration based on their firing properties (Gittis et al., 2010) . The excitability of FS interneurons was not changed by dopamine depletion ( Figure S2 ).
To determine whether dopamine depletion changes connectivity of FS interneurons to D1 and D2 MSNs, paired recordings were performed in slices from saline-and 6-OHDA-injected mice. Experiments were initiated by establishing a whole-cell recording from an FS interneuron, then testing its connectivity with as many neighboring MSNs as possible until the presynaptic interneuron was lost. Typically 1-6 (average 2.4) MSNs were sampled per interneuron.
The probability of finding a synaptic connection between FS-D1 MSN pairs was not changed by dopamine depletion. Connection probability was 0.60 in saline-injected mice (average distance between pairs, 113 ± 49 mm) and 0.53 in 6-OHDAinjected mice (average distance between pairs, 105 ± 50.1 mm) (p = 0.60) ( Figure 1A ). In contrast, dopamine depletion significantly increased the probability of finding a synaptic connection between FS-D2 MSN pairs. In saline-injected mice, connection probability was 0.39 (average distance between pairs, 116 ± 46 mm) but was nearly 2-fold higher, 0.77, in 6-OHDA-injected mice (average distance between pairs, 101 ± 48 mm) (p = 0.0004). Changes in FS connectivity occurred rapidly after dopamine depletion, with increased connectivity to D2 MSNs already present at 3 days after dopamine depletion ( Figures 1B and 1C) . Importantly, the observed change in connection probability was not due to a difference in the number of healthy ''patchable'' D1 versus D2 MSNs in the slice after dopamine depletion. In 6 slices from a total of two 6-OHDA-injected mice, we counted 43 ± 7 patchable D1 MSNs and 40 ± 8 patchable D2 MSNs surrounding FS interneurons. In 6 slices from 2 saline-injected mice, we counted 43 ± 10 patchable D1 MSNs and 42 ± 6 D2 patchable MSNs surrounding FS interneurons.
As shown in Figures 1D-1G , dopamine depletion did not change the properties of unitary inhibitory postsynaptic currents (uIPSCs) recorded in MSNs. Action potentials evoked in presynaptic FS interneurons with brief somatic current injections (5 ms, typically $1 nA) reliably elicited uIPSCs in postsynaptic MSNs ( Figure 1D ). Amplitudes of uIPSCs were similar from trial to trial for a given pair but varied widely across the population (Figure 1E ). The amplitudes of uIPSCs were not significantly different across conditions (p D1 = 0.94; p D2 = 0.20, Wilcoxon). These data demonstrate that postsynaptic GABA receptors at FS-MSN synapses are not altered after dopamine depletion.
To determine whether aspects of presynaptic function were affected by dopamine depletion, action potentials were elicited in presynaptic FS interneurons at frequencies of 10, 20, 50, or 100 Hz ( Figures 1F and 1G ). Short-term dynamics were measured as the change in amplitude of uIPSCs that accumulated during trains of ten action potentials at each frequency. Synapses exhibited frequency-independent depression, to 20%-40% their initial amplitudes, across all frequencies tested. The extent of this depression was similar in D1 and D2 MSNs and did not differ significantly between saline-and 6-OHDA-injected mice (p > 0.05 at all frequencies) ( Figure 1G ). This demonstrates that dopamine depletion does not significantly change the presynaptic dynamics of FS synapses onto MSNs.
FS Connectivity Is Not Changed by Acute Blockade of Dopamine Receptors
At least two mechanisms could account for the increased synaptic connectivity observed from FS interneurons onto D2 MSNs in 6-OHDA-injected mice: (1) unsilencing of preexisting synapses (Fö ldy et al., 2007) , which might occur if tonic dopamine levels under control conditions reduced release probability, or (2) formation of new synapses.
To determine whether tonic levels of dopamine in the slice exert a silencing effect at FS-MSN synapses, dopamine signaling was acutely blocked by bath perfusion of D1 and D2 antagonists (5 mM SCH23390 and 10 mM sulpiride, respectively).
Acute blockade of dopamine signaling did not significantly alter FS-MSN connection probabilities relative to vehicle control (1:10,000 DMSO in ACSF) (Figure 2A ). Connection probabilities onto D1 MSNs were 0.59 (distance, 119 ± 50 mm) compared to 0.55 in control (distance, 111 ± 45 mm) (p = 0.77), and connection probabilities onto D2 MSNs were 0.42 (distance, 108 ± 51 mm) compared to 0.38 in control (distance, 106 ± 48 mm) (p = 0.81) (Figure 2A) .
Similarly, dopamine antagonists did not significantly change the amplitudes or short-term dynamics of uIPSCs onto MSNs. In the presence of dopamine antagonists, average uIPSC amplitudes onto D1 MSNs were 400 ± 514 pA (n = 12) compared to 486 ± 442 pA (n = 15) in control (p = 0.20, Wilcoxon) and onto D2 MSNs were 442 ± 527 pA (n = 10) compared to 425 ± 391 pA (n = 8) in control (p = 0.96, Wilcoxon) ( Figure 2B ). Short-term plasticity, measured as synaptic depression during trains of ten action potentials at 10, 20, 50, and 100 Hz, was also not changed by dopamine antagonists (p > 0.05 at all frequencies) (Figures 2C and 2D) . From these data we conclude that tonic dopamine levels in the slice do not reduce connection probability or synaptic properties of FS-MSN synapses and, therefore, do not exert a silencing effect at FS-MSN synapses.
FS Axons Sprout after Dopamine Depletion
To test whether increased FS-D2 MSN connectivity observed in 6-OHDA-injected mice results from sprouting of FS axons, we examined FS interneuron morphology within 1 week after injections with saline or 6-OHDA. Slices from five mice injected with 6-OHDA and four mice injected with saline were used for this analysis. Figures 3A-3E shows examples of FS interneurons filled with biocytin and reconstructed with Neurolucida software. Axons were distinguished from dendrites by their thinner diameter and beaded appearance (Suzuki and Bekkers, 2010) . Neurons in both saline-and 6-OHDA-injected mice had dense axonal arborizations and aspiny dendrites concentrated within a 200-400 mm radius, characteristic of FS interneurons (Kawaguchi, 1993) .
Quantification of axonal and dendritic lengths revealed that the total length of FS axons was significantly greater in 6-OHDA-injected mice (14.53 ± 4.46 mm, n = 9), relative to saline-injected mice (8.98 ± 5.88 mm, n = 11; p = 0.04, Wilcoxon) ( Figure 3F ). However, there was no significant change in dendritic length (1.62 ± 0.78 mm, n = 9 in 6-OHDA-injected mice versus 2.06 ± 0.90 mm, n = 11 in saline-injected mice; p = 0.11) ( Figure 3G ).
Differences in axonal morphology of FS interneurons between saline-and 6-OHDA-injected mice were further characterized The example is a recording from a 6-OHDA-injected mouse, and the postsynaptic cell is a D2 MSN. (G) Synaptic depression of FS-MSN synapses measured at 10, 20, 50, and 100 Hz in saline-and 6-OHDA-injected mice. Synaptic depression was calculated as the amplitude of uIPSC 8-10 /uIPSC 1 . Error bars are SEM. Synaptic depression was similar in D1 (n = 9, saline; n = 9, 6-OHDA) and D2 MSNs (n = 8 saline; n = 8, 6-OHDA) and was not changed by dopamine depletion. using a Sholl analysis ( Figure 3E ). Dopamine depletion did not change the average distance over which FS axons extended, measured by the maximum radius at which crossings were detected. On average, crossings of FS axons were detected up to 320 ± 103 mm away from the soma in saline-injected mice (n = 11) and up to 320 ± 81 mm away from the soma in 6-OHDA-injected mice (n = 9) ( Figure 3H ).
In contrast there was a significant increase in the number of grid crossings by FS axons in dopamine-depleted striatum relative to control. The number of crossings was higher in 6-OHDAinjected mice (535 ± 143, n = 9) compared to saline-injected mice (364 ± 234, n = 11; p = 0.04, one-tailed Wilcoxon) ( Figure 3I ). In summary morphological analyses revealed that the axonal arbors of FS interneurons are denser and more complex after dopamine depletion, supporting the hypothesis that FS axons form new synapses onto D2 MSNs after dopamine depletion.
FS Synapses onto D2 MSNs Increase after Dopamine Depletion
To confirm that increases in FS axons correspond to increases in FS presynaptic terminals, we performed immunostains against the vesicular GABA transporter (vGAT) to label inhibitory presynaptic terminals, and against parvalbumin (PV) to label processes from FS interneurons. In 6-OHDA-injected mice, colocalization between vGAT and PV was increased relative to saline-injected mice ( Figures 4A-4C ). In saline-injected mice, 12.3% ± 3.0% of vGAT pixels colocalized with PV, but in 6-OHDA-injected mice, 20.1% ± 3.6% of vGAT pixels colocalized with PV (p < 0.0001). These data demonstrate that there are significantly more inhibitory terminals from FS interneurons in 6-OHDA-injected mice compared to saline-injected mice.
To determine whether increases in FS terminals were pathway specific, we performed a second analysis, taking advantage of the basket-like synapses formed by FS interneurons around the soma of MSNs (Bolam et al., 2000; Kawaguchi et al., 1995) . Experiments were performed in D2-GFP BAC transgenic mice to differentiate somata of D1 and D2 MSNs. As shown in Figures 4D-4F , the number of PV/vGAT puncta around the somata of D2 MSNs was significantly increased in 6-OHDA-injected mice relative to saline-injected mice (9.5 ± 3.3, n = 15 versus 6.3 ± 1.9, n = 15; p = 0.003). In contrast there was no significant difference in the number of PV/vGAT puncta around the somata of D1 MSNs (9.8 ± 2.6, n = 15 in 6-OHDA-injected mice versus 9.9 ± 2.2, n = 15 in saline-injected mice; p = 0.81) (Figures 4G-4I ). Combined with morphological data from Figure 3 , these results suggest that pathway-specific increases in FS connectivity onto D2 MSNs after dopamine depletion are mediated by sprouting of FS axons and formation of new FS synapses onto D2 MSNs.
Miniature IPSC (mIPSC) Frequency Reveals Increased Inhibition onto D2 MSNs after Dopamine Depletion
To functionally test whether individual D2 MSNs receive more convergent inhibition after dopamine depletion, mIPSCs were recorded in D1 and D2 MSNs within 1 week after surgery. During slice experiments, mIPSCs were recorded in the presence of 5 mM NBQX and 1 mM TTX to block glutamatergic transmission and spontaneous activity, respectively. At a holding potential of À80 mV, mIPSCs were easily visible in MSNs (Figures 5A  and 5D ). The majority of these events likely arise from FS interneurons, which have high rates of spontaneous release (Bacci et al., 2003; Xiang et al., 2002) and form more numerous proximal synapses on MSNs than other cell types (Gittis et al., 2010; Taverna et al., 2008) .
In saline-injected mice, the frequency of mIPSCs was significantly higher in D1 MSNs than D2 MSNs (p = 0.02; Figure 5H ), mirroring the higher connection probability normally observed between FS interneurons and D1 MSNs ( Figure 1A ). Mice injected with 6-OHDA showed no significant difference in mIPSC amplitudes ( Figures 5B, 5E , and 5G) but showed a nearly 2-fold increase in mIPSC frequencies selectively in D2 MSNs (p = 0.0007) ( Figures 5C, 5F , and 5H). The lack of change in mIPSC amplitude distribution after dopamine depletion (and enhanced FS innervation) indicates that mIPSCs recorded from MSNs arise predominantly from FS inputs, both before and after dopamine depletion. The increase in mIPSC frequency selectively in D2 MSNs is consistent with increased innervation from FS interneurons. However, given the lack of increase in uIPSC amplitude ( Figure 1E ), these data suggest that for any given FS-MSN pair, the number of synapses formed is stereotyped. Thus, pre-existing FS-MSN pairs were not significantly strengthened, whereas new FS-MSN pairs were connected, on average, by similar numbers of synapses as preexisting pairs.
To determine whether changes in inhibitory innervation persist beyond 1 week, we measured mIPSCs in mice 2 weeks and 1 month after injections. Similar to data at 1 week, we observed changes in mIPSC frequency (but not amplitude) selectively in D2 MSNs ( Figure S3 ). In saline-injected mice, mIPSC frequency was higher in D1 MSNs than D2 MSNs. In 6-OHDA-injected mice, mIPSC frequency in D2 MSNs was significantly increased at 2 weeks (p < 0.0001) and 1 month (p = 0.003). These data suggest that increased innervation of D2 MSNs by FS interneurons persists for at least 1 month.
Selective Increase in Feedforward Inhibition May Enhance Synchrony of D2 MSNs
To probe how increased connections from FS interneurons to D2 MSNs can affect striatal function, we developed a simple model of the striatal microcircuit ( Figure 6A ). MSNs and FS interneurons were modeled as single-compartment neurons with intrinsic properties that matched experimental data (see Experimental Procedures). Individual FS interneurons connected to D1 and D2 MSNs with probabilities based on data from Figure 1 (connection probabilities in the control model network were 0.5 for FS-D1 MSNs and 0.39 for FS-D2 MSNs; connection probabilities in the dopamine-depleted model network were 0.5 for FS-D1 MSNs and 0.77 for FS-D2 MSNs), and D1 and D2 MSNs were interconnected with connection probabilities based on Taverna et al., 2008 . GABAergic FS connections to MSNs were considered to inhibit MSN spiking both before and after dopamine depletion, as observed experimentally (Mallet et al., 2006) .
In the control network, there was little synchrony in either MSN population ( Figures 6B and 6C) . At time 0, the average z score for D1-D1 pairs was 0.28 ± 0.03 and that of D2-D2 pairs was 0.18 ± 0.03. When FS connectivity onto D2 MSNs was increased in the dopamine-depleted network, marked synchrony emerged between D2 MSNs. Aberrant synchrony in the D2 MSN population-but not the D1 MSN population-can be seen in Figure 6D . This synchrony among D2 MSNs was apparent in the population cross-correlogram ( Figure 6E ). At time 0, the z score of the D2 MSN population was 1.0 ± 0.04, significantly greater than in the control network (p < 0.0001). In contrast, synchrony among D1 MSNs was not significantly different in the dopamine-depleted network compared to control (z score at 0 ms was 0.22 ± 0.03; p = 0.18). These results suggest that experimentally observed increases in FS-D2 MSN connectivity could lead to aberrant synchrony of indirect-pathway striatal output.
Indeed, synchrony across D2 MSNs develops in a graded manner as a function of FS connectivity ( Figure S4 ). Furthermore, synchrony in the model was highly influenced by changes in the strength of FS-MSN connections but only weakly affected by changes in the strength of MSN-MSN collaterals ( Figure S5 ). Finally, a number of other changes that could affect synchrony have been observed in the striatum following dopamine depletion, including increases in MSN excitability and decreases in cortical inputs onto D2 MSNs (Azdad et al., 2009; Day et al., 2008) . However, these parameters did not affect synchrony in our model as strongly as changes in FS-MSN connectivity ( Figure S6 ).
Taken together, these results suggest that increased feedforward inhibition from FS interneurons onto D2 MSNs is sufficient to enhance synchrony, consistent with findings in other systems (Assisi et al., 2007; Atallah and Scanziani, 2009; Bartos et al., 2002; MacLeod and Laurent, 1996; Vida et al., 2006) . By enhancing synchrony of D2 MSNs in the striatum, reorganization of FS microcircuits is predicted to strengthen indirect-pathway regulation of downstream target nuclei, where MSN projections are highly convergent (Bolam et al., 2000; Smith et al., 1998) . In this manner, changes in striatal microcircuits may contribute to the aberrant synchrony and amplification of pathological oscillations that emerge in the basal ganglia in PD.
DISCUSSION
Dopamine is an important modulator of striatal function that dynamically regulates the basal ganglia circuit over short and long timescales. The rate and pattern of MSN activity in directand indirect-pathway circuits are controlled by a balance of excitation from cortical and thalamic inputs as well as inhibition from other MSNs and, predominantly, FS interneurons. In this study, we show that dopamine depletion causes a target-specific reorganization of the feedforward inhibitory circuit through selective enhancement of FS connections to D2 MSNs. A simple model of the striatal microcircuit suggests that this pathway-specific (E) Cumulative probability plot of mIPSC amplitude in D2 MSNs in saline-injected and 6-OHDA-injected mice. (F) Cumulative probability plot of mIPSC ISI recorded in D1 MSNs in saline-injected and 6-OHDA-injected mice. The mIPSC ISI was significantly shorter in D2 MSNs recorded in 6-OHDA-injected mice relative to saline-injected mice (*p < 0.0001, Kolmogorov-Smirnov test). (G) Bar graph summarizing mIPSC amplitudes for the population of D1 and D2 MSNs recorded in saline-injected and 6-OHDA-injected mice. Circles represent data from individual cells, and bars are the average for each population. Amplitudes were not significantly different across conditions: D1 saline , 46.5 ± 5.6 pA (n = 14); D2 saline , 49.0 ± 8.1 pA (n = 14); D1 6-OHDA , 45.7 ± 3.9 pA (n = 15); and D2 6-OHDA , 48.1 ± 6.4 pA (n = 14). (H) Bar graph summarizing mIPSC frequencies for the population of D1 and D2 MSNs recorded in saline-injected and 6-OHDA-injected mice. mIPSC frequencies were significantly higher in D2 MSNs in 6-OHDA-injected mice compared to saline-injected mice (*p = 0.04; **p = 0.02; ***p = 0.007). D1 saline , 9.0 ± 2.8 Hz (n = 14); D2 saline , 6.6 ± 2.5 Hz (n = 14); D1 6-OHDA , 8.6 ± 2.7 Hz (n = 15); D2 6-OHDA , 11.3 ± 3.8 Hz (n = 14). increase in connectivity is sufficient to augment firing synchrony between indirect-pathway projection neurons, thus implicating reorganization of FS microcircuits in striatal dysfunction in PD.
Mechanisms that Upregulate Inhibition onto D2 MSNs
In the striatum of 6-OHDA-injected mice, we find that dopamine depletion causes an increase in FS innervation of D2 MSNs, driven by sprouting of FS axons. This was confirmed anatomically by reconstructions of FS interneurons and immunohistological analysis of presynaptic puncta, and functionally by paired recordings showing increased FS-D2 MSN connectivity and increased mIPSC frequency selectively in D2 MSNs. These results demonstrate that dopamine depletion can induce a target-specific remodeling of FS innervation, which is both rapid (observed within 3 days) and persistent (observed at 4 weeks).
This target-specific plasticity may represent a homeostatic response to D2 MSN hyperactivity after dopamine depletion. Within hours to days after dopamine depletion, D2 MSNs show increased excitability (Fino et al., 2007; Mallet et al., 2006; Nicola et al., 2000) , accompanied by reduced spine density (Day et al., 2006) and collaterals between both MSN subtypes (Taverna et al., 2008) . The hyperactivity of MSNs in the indirect pathway could trigger compensatory upregulation of inhibition from FS interneurons, reminiscent of compensatory sprouting observed by some types of GABAergic interneurons in epilepsy (Bausch, 2005; Davenport et al., 1990; Klaassen et al., 2006; Palop et al., 2007) . Indeed, previous studies have demonstrated that structural plasticity of GABAergic interneurons can occur within hours or days (Chen et al., 2011; Marik et al., 2010) .
The mechanisms of compensatory sprouting of inhibitory axons have long remained enigmatic (Valdes et al., 1982) . In the hippocampus a subset of inhibitory inputs is selectively strengthened by reductions in endocannabinoid (eCB) signaling (Kim and Alger, 2010) , and in the striatum, reduced eCB-dependent LTD in D2 MSNs is thought to contribute to increased drive on the indirect pathway following dopamine depletion (Kreitzer and Malenka, 2007) . However, it does not appear that eCBs in the striatum contribute to compensatory sprouting of FS interneurons because we did not observe changes in amplitude and short-term plasticity of IPSCs as described by Kim and Alger, 2010 . Alternatively, BDNF signaling through TrkB receptors has also been shown to regulate sprouting of inhibitory axons (Huang et al., 1999; Peng et al., 2010; Rutherford et al., 1997; Seil and Drake-Baumann, 2000; Swanwick et al., 2006) , but changes in BDNF levels are not detected in striatum until 2 weeks after dopamine depletion, or not at all (Branchi et al., 2010; Zhou et al., 1996) .
The discovery of putative compensatory upregulation of inhibition onto D2 MSNs in response to dopamine depletion complements results that show increased inhibition onto D1 MSNs in response to elevated dopamine levels during chronic cocaine administration (Heiman et al., 2008) , where hyperexcitability of D1 MSNs in the direct pathway is observed (Flores-Herná ndez et al., 2002) . Taken together, these results suggest that feedforward inhibition in the striatum is dynamically regulated in a pathway-specific manner. Elevated levels of dopamine in the striatum lead to overactivity of the direct pathway, triggering compensatory increases in inhibition onto D1 MSNs, whereas diminished levels of dopamine in the striatum lead to overactivity of the indirect pathway, triggering compensatory increases in inhibition onto D2 MSNs.
Aberrant Firing Synchrony in the Indirect Pathway
It has long been hypothesized that motor deficits in patients with PD result from overactivity of the indirect pathway relative to the direct pathway (Albin et al., 1989; DeLong, 1990) . Recently, it was found that direct activation of D2 MSNs in the striatum alone is sufficient to suppress movement and that motor deficits in mice rendered parkinsonian with 6-OHDA could be partially restored by direct activation of D1 MSNs (Kravitz et al., 2010) . These results demonstrate that changes in the relative activity of D1 and D2 MSNs in the striatum can lead to widespread dysfunction throughout the basal ganglia.
Increases in feedforward inhibition onto overactive D2 MSNs in dopamine-depleted striatum would seemingly counteract excess activity in this pathway. However, this homeostatic response could paradoxically amplify indirect-pathway output by synchronizing activity of D2 MSNs across the striatum. FS interneurons are well-described mediators of neuronal synchrony whose divergent innervation of target neurons and synaptic properties shapes the output patterns of a network (Bartos et al., 2007; Cobb et al., 1995; Gabernet et al., 2005; Pouille et al., 2009; Pouille and Scanziani, 2001; Tamá s et al., 2000) . The ability of feedforward inhibition to synchronize the activity of large populations of neurons has been shown both computationally (Assisi et al., 2007; Bartos et al., 2002; MacLeod and Laurent, 1996; Vida et al., 2006) and experimentally (Fuchs et al., 2007; Sohal et al., 2009) . However, it is important to point out that FS interneurons may function differently in the striatum than in other brain regions (Gage et al., 2010) , and a more detailed study of FS inhibition under control conditions and after dopamine depletion (including analysis of GABA reversal potential and KCC2 expression) would be revealing.
High convergence of striatal outputs onto neurons in downstream nuclei (Smith et al., 1998) suggests that some degree of synchronization across groups of MSNs is required to propagate information (Courtemanche et al., 2003; Graybiel et al., 1994) . However, synchrony across large populations of MSNs is rarely seen in healthy individuals and, rather, is a hallmark of striatal dysfunction in motor diseases such as PD and dystonia (Buzsá ki et al., 1990; Costa et al., 2006; Gernert et al., 2002; Hammond et al., 2007; Hutchison et al., 2004; Kü hn et al., 2008) . In particular, dopamine depletion is associated with increased network oscillations in the b frequency band that may occlude normal signal propagation through the basal ganglia (Brown, 2003; Kü hn et al., 2004; Mallet et al., 2008b) .
Although pathological b oscillations after dopamine depletion are a feature of the entire basal ganglia network, some of the most striking shifts in neuronal-firing patterns occur in the GP and STN (Bevan et al., 2002; Mallet et al., 2008a; Terman et al., 2002) . These nuclei become highly coupled in an oscillatory pattern after dopamine depletion, and disruption of this abnormal synchrony with deep brain stimulation is an effective therapeutic treatment in patients with PD (Bevan et al., 2002; Hammond et al., 2007) . Although GP neurons do not show a substantial change in average firing rate after dopamine depletion, they do show changes in firing pattern, shifting to a synchronized, bursting mode of firing in resting animals or patients with PD (Brown et al., 2001; Raz et al., 2000) . In part, this altered firing pattern may depend on increased synchronous inhibition from striatal D2 MSNs . However, a number of other changes in the striatum have been described after dopamine depletion that could alter the output of D2 MSNs. These include changes in LTD and LTP at excitatory inputs in MSNs (Calabresi et al., 2007; Kreitzer and Malenka, 2008; Lovinger, 2010; Shen et al., 2008) , decreased spine density and loss of glutamatergic synapses onto D2 MSNs , changes in cholinergic signaling , and changes in a non-FS population of GABAergic interneurons (Dehorter et al., 2009) .
In this study, we use a simple model of the striatal circuit to demonstrate that experimentally increased innervation of D2 MSNs by FS interneurons may be sufficient to enhance synchrony of D2 MSNs. This, along with other changes in striatal circuitry, could enhance D2 MSN regulation of downstream target neurons and contribute to increased synchrony in the GP and the STN (Burkhardt et al., 2007; Costa et al., 2006; Terman et al., 2002; Walters et al., 2007) . Furthermore, because a subset of GP neurons projects back to striatal interneurons Gage et al., 2010) , this may also amplify indirect-pathway synchrony in the striatum, leading to robust pathological oscillations in the indirect-pathway basal ganglia circuit.
EXPERIMENTAL PROCEDURES Electrophysiological Recordings
Coronal sections containing dorsal striatum were prepared in cold sucrose cutting solution: 79 mM NaCl, 23 mM NaHCO 3 , 68 mM sucrose, 12 mM glucose, 2.3 mM KCl, 1.1 mM NaH 2 PO 4 , 6 mM MgCl 2 , and 0.5 mM CaCl 2 . Slices were transferred to a chamber filled with warmed carbogenated ACSF containing 125 mM NaCl, 26 mM NaHCO 3 , 2.5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , and 12.5 mM glucose, and were incubated at 31 C-33 C for 30 min, then allowed to recover at room temperature for an additional 30 min before recording. Internal solutions were either K based, for current clamp recordings from FS interneurons in paired experiments (130 mM KMeSO 3 , 10 mM NaCl, 2 mM MgCl 2 , 0.16 mM CaCl 2 , 0.5 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, 0.3 mM Na-GTP [pH 7.25]), or Cs-based, for all voltage clamp recordings (120 mM CsCl, 15 mM CsMeSO 3 , 8 mM NaCl, 0.5 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, 0.3 mM Na-GTP, and 5 mM QX-314 [pH 7.3]). All recordings were performed at 31 C-33 C in ACSF (see above). For experiments measuring mIPSCs, 1 mM TTX (Ascent) and 5 mM NBQX (Ascent) were added to the external saline. For experiments using dopamine antagonists, 5 mM SCH23390 (Tocris) and 10 mM sulpiride (Tocris) were added to the external saline.
Dopamine Depletions
Mice were pretreated with desipramine (25 mg/kg; Sigma) and unilaterally injected with 6-OHDA at 3-4 weeks of age. Experiments were typically performed 3-7 days after 6-OHDA injections unless otherwise noted. All changes observed in FS microcircuits at 1 week were already present at 3 days, so data from these time points were pooled. Due to previous reports of changes in contralateral striatum following unilateral 6-OHDA injections, saline-injected mice were used as controls (Schwarting and Huston, 1996) .
Histology and Immunostaining TH immunostains were performed on 30 mm sections, resectioned from acute slices (250-300 mm thick) used for recording. Immunostains for PV and vGAT were performed on 30 mm sections prepared from fixed brains of D2-GFP mice. To quantify overall colocalization between vGAT and PV, images were imported into ImageJ, where intensity thresholds and Manders overlap coefficients were determined by JACoP (Bolte and Cordeliè res, 2006) . Biocytin cell fills were performed on FS interneurons recorded in the striatum from 300 mm thick coronal slices. Slices were fixed 30 min to 2 hr after filling a neuron in 4% PFA overnight at 4 C.
Statistics
Throughout the paper, t tests for unpaired data were used to test for significance unless otherwise noted. The nonparametric Wilcoxon signed rank test was used when data were not normally distributed. A chi-square test with Yate's correction was used to test for significance of FS-D1 MSN and FS-D2 MSN connectivities.
Computational Model
Our model of feedforward inhibition in the striatum was adapted from one used by Atallah and Scanziani, 2009 . Each cell was modeled as a single compartment, integrate-and-fire neuron. Spiking activity for individual cells was initiated by independent stochastic background synaptic activity (Gaussian noise with a standard deviation [SD] of 100 pA). The networks contained 20 FS interneurons, 400 D1 MSNs, and 400 D2 MSNs, matching observations that FS interneurons comprise $2% of all striatal neurons (Gittis et al., 2010; Tepper et al., 2004) . Intrinsic parameters of model striatal neurons were based on experimentally measured values (Gittis et al., 2010; Kreitzer and Malenka, 2007) and tuned to produce realistic firing rates measured in vivo (Berke et al., 2004; Gage et al., 2010) . As observed experimentally, individual FS interneurons made synaptic projections onto D1 and D2 MSNs as well as other FS interneurons (Gittis et al., 2010; Planert et al., 2010) ; MSNs made synaptic projections to other MSNs (Planert et al., 2010; Taverna et al., 2008) . For the population cross-correlogram (1500 pairs), data were rebinned at 1 ms. To normalize across cell pairs, z score was calculated for each individual correlogram:
where x is the spikes/bin in the individual cross-correlogram, m is the mean of x, and s is the SD of x.
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